INTRODUCTION
Although many details of the chemical mechanism by which the metalloenzyme carboxypeptidase A (CpA) cleaves the susceptible peptide bond within its substrates are as yet unclear, it seems certain that the active-site Zn2+ ion participates as a Lewis acid in some fashion, most probably in polarizing the carbonyl group of the scissile amide linkage [1] . The enzymic metal centre has received extensive magnetic and spectroscopic investigation (usually with other ions substituted for Zn2+) [2] , but until now the characterization of its Lewis acidity has been incomplete. By one measure it is anomalously potent in this regard: the water molecule which binds to the externally available ligation position of the active-site Zn2+ ion in the absence of a substrate has its acidity increased, lowering its pKa to a value of approx. 6, as previously suggested [3, 4] and here subsequently confirmed. This can be compared with (hexa)aquo-Zn2+ ion in homogeneous solution, for which a pKa of approx. 9 is found [5] . The diminished proton affinity of the conjugate base, hydroxo-Zn2+ species at the active site may be attributed in part to the reduced co-ordination number of the metal ion as observed crystallographically [6] [7] [8] . This restriction of the number of chelating (donor) ligands augments its uncompensated electron deficiency. The proton acidity of an externally co-ordinating indicator ligand (such as H20) provides one practical index of the effective Lewis acidity of the metal ion.
However, there is another dimension to the phenomenon of Lewis acidity. Of greater significance for chemical insight into the mechanism of CpA is the response of the active-site metal ion to varying basicity in an external ligand. The reason for this can be appreciated by a cursory consideration of the addition of a nucleophile to a carboxamide when this is assisted by an electrophilic catalyst. The basicity of the oxygen atom of the carbonyl group (expressed conventionally as the protonic pKa of its conjugate acid; Figure 1 ) undergoes a substantial enhancement the dependence expected if phenolate binds to the Zn2+ displacing its bound H20/HO-. A log-log plot of the dissociation constants for the productive forms of inhibitor plus enzyme versus the acid dissociation constants of the phenolic residues in the inhibitors yields a straight line with a slope of +0.76. This number indicates that the active-site metal ion has special capacity for dispersing negative charge, such as builds up on the oxygen atom of a carboxamide group undergoing nucleophilic addition.
as the reaction co-ordinate is traversed (nucleophile adds) [9] [10] [11] . Because of this, a Lewis acid such as a metal ion, held in preequilibrium co-ordination to the carbonyl oxygen atom, may speed up the reaction by binding more tightly to the tetrahedral adduct than to the reactant. This is the essence of Lewis acid catalysis. What one wishes to know in the case of the enzyme is just how much more firmly does the active-site metal ion coordinate to a strongly basic external ligand (T-or T-) than it does to a weakly basic one (-CONH-). This information embodies an integral aspect of the enzyme mechanism; most efficient catalysis should result if the energetic response by the enzyme to changing basicity in the substrate were large. Characterization of the latter property of the CpA active site, which we call the fluxionate Lewis acidity, comprises the subject of the present paper.
MATERIALS AND METHODS Materials
CpA was supplied by Sigma Chemical Co. (no. C 0386). The Allan form was chosen for its reported greater solubility. It was recrystallized by dialysis according to established procedures before use [12] . Cobalt CpA was prepared by repeated extraction pKa --1 pK -+12 pK -+9 I-H, a-(2-hydroxyphenyl)benzenepropanoic acid; I-NO, a-(2-hydroxy-5-nitrophenyl)benzenepropanoic acid; I-CN, a-(5-cyano-2-hydroxyphenyl)benzenepropanoic acid; I-Cl, a-(5-chloro-2-hydroxyphenyl)benzenepropanoic acid; I-NAc, a-(5-acetamido-2-hydroxyphenyl)benzenepropanoic acid; I-NOCI, a-(3-chloro-2-hydroxy-5-nitrophenyl)benzenepropanoic acid; I-CNCI, a-(3-chloro-5-cyano-2-hydroxyphenyl)benzenepropanoic acid; I-CICI, a-(3,5-dichloro-2-hydroxyphenyl)benzenepropanoic acid. Inhibitor para-substituents X within complexes E -(I-XY) appear to be freely exposed to solvent in models built from a crystal structure of the enzyme, although the phenolic hydroxy of the flexible side chain of residue Tyr-248 could potentially make contact with the bound inhibitor. With larger inhibitor substituents than used in this study, the side chain of Ile-247 might become involved, resulting in a perturbation of K,. Co2+ ion, with the latter apparently decreasing its co-ordination number. The longer-wavelength triad is diagnostic for a tetrahedral ligand field for Co2+. This feature is common to other E (I-XY) complexes. However, the absorption in Figure 4 at 511 nm for the enzyme complex of I-CNCl occurs instead at 492, and at 504 nm in the cases of I-H and I-ClCl; this latter transition would appear to be a charge-transfer band involving the phenolate and the metal ion The explanation for this apparent contradiction between kinetic and spectroscopic evidence for involvement of the phenolate group lies in the concept of reverse protonation [16] . The key realization is that binding ofinhibitor also depends absolutely on the enzymic residue with a pKa value of approx. 6, which must be in its conjugate acid form to allow effective co-ordination of the inhibitor phenolate moiety to Either the acidic group has been displaced (as we propose), or at least it has assumed a PKa value of greater than 10 in the complex (which is implausible for a carboxy group). Furthermore, the conclusive evidence for reverse protonation requires that the conjugate acid form of this functionality be the productive species in the binding of inhibitors, and most probably also for substrates (which commonly bind more weakly than I-XY). This observation would not be reconcilable with the widely assumed (but as yet unproven) general base role for Glu-270-CO2-in the catalytic cycle, were that group the moiety with pKa of 6. We do not exclude the possibility that the ionization of Zn2+. HOH is influenced by the presence of Glu-270 (possessed of a probable typical carboxy pKa of approx. 4), but it is the second acid dissociation constant of the coupled system comprised of these residues that is detected kinetically. For more complete analysis see discussion elsewhere [3] .
The overall situation is summarized in Scheme 1. The formal enzyme-inhibitor dissociation constant for the components existing in the complex is given by Kd Figure 3 are least-squares fits to this expression. As previously indicated, the primary determinants of the shape of the curves are pKEH.HOH and pK1A,01. The magnitudes of these acid ionization constants are independently established (fixed). 10 pK-unit increase in the PKa of the carbonyl oxygen of the amide moiety as it traverses the reaction co-ordinate for nucleophilic addition, as shown in Figure  1 [9] [10] [11] . (Although strictly speaking one should be concerned with the transition states for formation and decomposition of tetrahedral adducts, we shall couch our argument in terms of stabilization of the intermediate T±.) The consequences of a preequilibrium co-ordination of the substrate carbonyl group to the active-site Zn2+ ion of CpA are easily estimated. Initial ligation of substrate to the active-site Zn2+ ion may give in neutral solution 76 % of the catalytic benefit to be derived from specific acid catalysis by the hydronium ion (i.e. pre-equilibrium protonation of the carboxamide group). Since at a pH of about 7.5 (the optimum for CpA), less than 1 in 108 substrate molecules would be so activated spontaneously by protonation, the kinetic acceleration from this consideration alone may amount to more than 106 (compared with a factor of approx. 103 for Zn2+ ion in homogeneous solution, provided that the latter could be induced to co-ordinate to a carboxamide group). An analogy might also be invoked with respect to protonic general acid catalysis, for which a Br0nsted coefficient of 0.76 would indicate substantial participation.
There has been considerable speculation about an 'entatic state' in CpA, in which it is hypothesized that the resting enzyme is energetically 'poised for catalysis' so as to engage the substrate productively by virtue of intrinsic destabilizing interactions in the co-ordination environment of the metal ion which are relaxed as the catalytic cycle proceeds [23] . To us, this concept seems to be merely a special formulation of the Pauling principle of catalysis (transition-state mimicry), cast in a rather mystical and mechanismless form [24] . However, it could be argued that we have in fact quantified the phenomenon, since our analysis addresses changes in energy of interaction as the bound substrate proceeds to tetrahedral adduct within the active site.
Although the foregoing calculation of kinetic contribution from Zn2+ as a specific acid catalyst has a back-of-an-envelope flavour and involves considerable extrapolation, it provides a useful insight into the mechanism of CpA. What really matters catalytically at the active site is the difference in binding energy involving the co-ordinating acidic species in response to the change of basicity occurring within the reacting substrate. This paper has focused entirely on a functional characterization ofthe active-site Zn2+ ion ofCpA. Previous papers have addressed other aspects of the enzyme mechanism, such as identity and stereochemistry of the nucleophile adding to the enzymeactivated amide linkage [1, 3, 17, 25] . Such matters are not considered here in detail. Briefly, the kinetics and pH-dependence of catalytic peptide hydrolysis can be adequately rationalized by a (reverse protonation' mechanism for substrate activation analogous to that invoked to explain inhibition by I-XY. The nucleophile that attacks the Zn2+-activated carboxamide group is probably a solvent water molecule aided by one of the two carboxylate groups that are present at the active site when substrate is bound [17] . Preparation of I-NO A mixture of 1.07 g (5.4 mmol) of this material, 0.3 g of anhydrous sodium acetate, 1.04 g (1 ml, 9.8 mmol) of benz-aldehyde and 1.6 g (1.5 ml) of acetic anhydride was heated to 90°C with stirring for 16 h. Then 10 ml of water was added, and heating and stirring was continued for 15 min. After cooling in an ice bath, the aqueous layer was decanted, leaving a solid residue containing the product. This was triturated for 20 min with 15 ml of hot methanol, and the resulting mixture was chilled in an ice bath. Product was collected; after slow evaporation of the filtrate, additional product was obtained on trituration of the residue, yielding a total of 0.7 g (48 %) of Z-and E-5-nitro-3-(phenylmethylene)-2(3H)-benzofuranone. The isomers were submitted to di-imide reduction without separation. This material was dissolved in 10 ml of tetrahydrofuran and 1.5 ml of 4 M NaOH. After 10 min the solution was acidified with conc. HC1 to a pH of approx. 3, and the tetrahydrofuran was removed by rotary evaporation. The organic material was extracted into methylene chloride, and the solvent was then evaporated. The residue was dissolved in 13 ml of water containing 4.6 ml (0.14 mol) of 95 % hydrazine. To A mixture of 12.02 g (43.2 mmol) of the previous material and 5.4 g (60.3 mmol) of cuprous cyanide in 20 ml of N-methyl-2-pyrrolidinone was stirred for 3.75 h at 140 'C. The resulting mixture was then added to a solution of 107 g (1.9 mol) of KCN in 300 ml of water, and the mixture was stirred for 20 min. It was then acidified to a pH of about 3 with conc. HCI (hazard: toxic HCN gas liberated). After addition of 150 ml of methylene chloride, the mixture was stirred for several minutes. After filtration, the phases were separated and the aqueous portion was again extracted with methylene chloride. The combined organic extracts were evaporated and the residue was dissolved in 1 M NaOH. After being washed with ethyl acetate, the aqueous portion was acidified to a pH of about 3, again extracted with ethyl acetate, and the latter extract was rotary evaporated. The solid residue was extracted with boiling water. On cooling, paleyellow crystals formed, yielding 4.3 g (560%) of A mixture of 0.60 g (3.4 mmol) of this material, 0.16 g of anhydrous sodium acetate, 0.63 g (0.6 ml, 5.9 mmol) of benzaldehyde, 0.76 g (0.7 ml) of acetic anhydride and 0.5 ml of Nmethyl-2-pyrrolidinone was heated to 95 "C with stirring for 13 h. Then 15 ml of water was added, and after an additional 10 min of heating the mixture was cooled in an ice bath. After decantation of the liquid, the residual solid was boiled in methanol for 20 min. A yellow powder was collected, and the filtrate was concentrated to give more such material. A total of 0.553 g (66 %) of 5-cyano-3-(phenylmethylene)-2(3H)-benzofuranone was obtained, and was reduced without further purification. A 0.336 g (1.4 mmol) portion of this material was dissolved in 20 ml of tetrahydrofuran and 10 ml of 1 M NaOH. C16H13NO3 requires C, 71.9; H, 4.9; N, 5.2%).
Preparation of I-Cl
To a stirred solution of 1.70 g (11.2 mmol) of (2-hydroxyphenyl)acetic acid in 10 ml of acetonitrile at 25 "C was added over a period of 15 min 1.63 g (1 ml, 12.1 mmol) of sulphuryl chloride in 5 ml of acetonitrile. After 1 h, 5 ml of water was added, and the acetonitrile was removed by rotary evaporation. The residue was dissolved in 8 ml of 4 M NaOH, and the solution was washed with ethyl acetate. After acidification with conc. HC1, the product was extracted into methylene chloride. The organic solution was concentrated to 10 ml and allowed to stand, whereon a precipitate slowly formed. Further concentration gave additional material. A total of 1.23 g (59 %o) of (5-chloro-2-hydroxyphenyl)acetic acid; 400 MHz p.m.r. 8 (p.p.m.) [(2H)acetone] 3.63 (2 H, s), 6 .86 (1 H, d, J 9.0 Hz), 7.10 (1 H, dd, J 9.0, 3.0 Hz), 7.23 (1 H, d, J 3.0 Hz) was collected.
A mixture of 0.83 g (4.45 mmol) of this material, 0.30 g of anhydrous sodium acetate, 1.04 g (1.0 ml, 9.8 mmol) of benzaldehyde and 1.5 g (1.4 ml) of acetic anhydride was heated to 95°C with stirring for 16 h. Then 10 ml of water was added, and, after an additional 10 min of heating, the mixture was cooled in an ice bath. After decantation of the liquid, 10 ml of methanol was added to the residue, and after boiling for 10 min the mixture was chilled. A precipitate was collected; the residue from evaporation of the filtrate was similarly treated to afford additional material. A total of 0.67 g (59 %) of 5-chloro-3-(phenylmethylene)-2(3H)-benzofuranone was obtained, and was reduced without further purification. This material was submitted to sodium amalgam reduction in the manner of the preparation of I-CN, giving a quantitative yield of a-(5-chloro-2-hydroxyphenyl)benzenepropanoic acid (I-Cl); 400 Preparation of l-NOCI To a mixture of 0.504 g (2.6 mmol) of (2-hydroxy-5-nitrophenyl)acetic acid, 2 ml of acetic acid and 4 ml of conc. HCI was added 0.212 g (1.7 mmol) of potassium chlorate. After being stirred at 25 "C for 2 h, the solution was cooled in an ice bath and the precipitate was collected and washed with cold water.
Recrystallization from water gave 0.379 g (64 "0) of (3-chloro-2-hydroxy-5-nitrophenyl)acetic acid, m.p. 8.20 (1 H, d, J 2.2 Hz), 8.23 (1 H, dt, J 1.2, 2.2 Hz).
A mixture of 1.96 g (9.7 mmol) of this material, 0.47 g of anhydrous sodium acetate, 1.6 g (15.7 mmol) of benzaldehyde and 2.5 g (2.3 ml) of acetic anhydride was heated to 95 IC with and was acidified with HCI. After removal of the tetrahydrofuran stirring for 18 h. Then 15 ml of water was added, and, after an additional 10 min of heating, the mixture was cooled in an ice bath. After decantation of the liquid, the residue was boiled in 20 ml of methanol for 30 min. After cooling and dilution with water, a precipitate was collected, giving 1.82 g (71 %) of 3-chloro-5-nitro-3-(phenylmethylene)-2(3H)-benzofuranone, which was submitted to di-imide reduction without further purification. A mixture of 146 mg of the previous material in 10 ml of tetrahydrofuran and 1 ml of I M NaOH was warmed to open the lactone. To the solution, 1 ml (30 mmol) of 950% hydrazine was added, followed by slow addition over a period of 8 h of 3 ml (20 mmol) of 60% H202. The resulting solution was carefully acidified to a pH of about 3 with HCI, and then extracted with methylene chloride. Evaporation of the
